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Abstract: Kindlin proteins represent a newly discovered family of evolutionarily conserved FERM domain-containing proteins. This 
family includes three highly conserved proteins: Kindlin-1, Kindlin-2 and Kindlin-3. All three Kindlin proteins are associated with 
focal adhesions and are involved in integrin activation. The FERM domain of each Kindlin is bipartite and plays a key role in integrin 
­ activation.­We­herein­explore­for­the­first­time­the­evolutionary­history­of­these­proteins.­The­phylogeny­of­the­Kindlins­suggests­a­single­
ancestral Kindlin protein present in even the earliest metazoan ie, hydra. This protein then underwent duplication events in insects and 
also experienced genome duplication in vertebrates, leading to the Kindlin family. A comparative study of the Kindlin paralogs showed 
that Kindlin-2 is the slowest evolving protein among the three family members. The analysis of synonymous and non-synonymous sub-
stitutions­in­orthologous­Kindlin­sequences­in­different­species­showed­that­all­three­Kindlins­have­been­evolving­under­the­influence­
of purifying selection. The expression pattern of Kindlins along with phylogenetic studies supports the subfunctionalization model of 
gene duplication.
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Introduction
The  Kindlins  represent  a  class  of  focal  adhesion 
  proteins  implicated  in  integrin  activation.  They 
comprise  three  evolutionarily  conserved  members, 
  Kindlin-1 (FERMT,1, C20orf42, URP1; chromosome 
20p12.3), Kindlin-2 (FERMT2, MIG2, PLEKHC1, 
UNC112,;  chromosome  14q22.1)  and  Kindlin-3 
(FERMT3,  UNC-112  related  protein  2;  chromo-
some 11q13.1), that share considerable sequence and 
structural similarities.1 The Kindlins have a bipartite 
FERM (four point one protein, ezrin, radixin, moesin) 
domain interrupted by a pleckstrin homology domain 
and can bind directly to various classes of integrins as 
well as participating in inside–out integrin   activation.2 
The F3 sub domain of the FERM domains of all three 
Kindlins contains a crucial phosphotyrosine binding 
(PTB) fold resembling that of Talin.3,4 The relation-
ship  between  Kindlins  and  integrin  signaling  was 
explored  by  initial  studies  on  C.elegans  embryos 
harboring homozygous mutations in UNC-112, the 
worm ortholog of KIND1. These embryos develop 
a  paralyzed,  arrested  elongation  at  two-fold  (PAT) 
  phenotype due to failure of organization of PAT3/
integrin in body muscle wall.5 Functionally,   Kindlins 
primarily  mediate  protein–protein  interactions  and 
lack  catalytic  domains.6  In  recent  years  they  have 
emerged as a key class of adaptor molecules involved 
in integrin activation.7
Loss-of-function  mutations  in  Kindlin-1  and 
  Kindlin-3 cause Kindler syndrome and leukocyte adhe-
sion­ deficiency-III­ syndrome,­ respectively.­ ­ Kindler­
syndrome­was­in­fact­the­first­human­genetic­disor-
der clinically associated with Kindlins. It is caused 
by mutation of Kindlin-1 and is characterized by skin 
blistering, severe periodontitis and poililodermia.8,9 
No  human  disease  has  yet  been  associated  with 
Kindlin-2 gene pathology, however Kindlin-2 knock-
out mice die in early embryonic stage indicating the 
essential role it plays in development.
The expression patterns of all three Kindlins are 
quite  distinct.  For  instance,  Kindlin-1  is  predomi-
nantly expressed in the epidermis and only weakly 
expressed in the dermis, while Kindlin-3 expression is 
restricted exclusively to hematopoietic tissues, where 
it is the dominant form of Kindlins expressed. On the 
other  hand,  Kindlin-2  is  ubiquitously  expressed  in 
most parts of the body.10 These differential   expression 
patterns may in part explain the distinctive phenotypes 
that result from the loss of different Kindlins. For 
instance, as noted above, the Kindlin-2 homolog in 
C. elegans, UNC-112 is essential for embryonic devel-
opment.11 Also, loss of Kindlin-2 in mice results in 
pre- implantation embryonic lethality and knockdown 
of­Kindlin-2­in­zebrafish­reveals­a­strong­relationship­
between  cardiac  development  and  the  function  of 
Kindlin-2.12 Consistent with the restricted expression 
of Kindlin-3 in hematopoietic tissues, mice lacking 
Kindlin-3 show severe osteoporosis, hemorrhage and 
defects in the erythrocyte membrane skeleton, and 
die within one week after birth.13,14
Kindlin-1  shares  62%  sequence  similarity  with 
Kindlin-2 and 49% with Kindlin-3. Until now, the 
evolutionary aspects of Kindlin structure and function 
have not been addressed. In this study, we explored 
the  evolution  and  divergence  of  these  proteins  in 
vertebrates and invertebrates. We studied the natural 
forces shaping the evolution of the Kindlin family of 
proteins by comparing different evolutionary trends 
in different vertebrate clades. A phylogenetic analysis 
of three Kindlin family members illustrates the phy-
logenetic history of Kindlin paralogs and also docu-
ments the duplication events leading to the formation 
of these paralogs from one single ancestral Kindlin. 
We show that the original Kindlin arose at least as 
early as simple metazoans, such as hydra. We also 
explored the effect of functional constraints on the 
evolution of these three paralogs in vertebrates and 
found evidence that purifying selection is a major 
force shaping the evolution of Kindlins.
Material Method
Relative levels of Kindlin-1, Kindlin-2 and Kindlin-3 
transcripts were determined by real-time RT-PCR using 
SYBR Green. Human tissue cDNA panels (BD Biosci-
ences) were used as a template. Triplicate samples of 
each PCR mixture, each containing 4.7 µl of POWER 
SYBR Green PCR master mixture (Applied Biosys-
tems), 0.3 µl of a 10 pmol/µl of primer   mixture, 0.3 µl 
of cDNA, and water to a total volume of 10 µl were 
transferred into a 96-well plate on an ABI 7500 Fast 
Real Time PCR System (Applied Biosystems). The 
samples were initially incubated at 95°C for 3 min, fol-
lowed by 45 cycles with 95°C for 15 s, 60°C for 60 s. 
Dissociation curves were generated after each PCR run 
to­ensure­that­a­single,­specific­product­was­amplified.­
The results were analyzed with the   comparative Cycle Evolutionary history of Kindlin family of proteins
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threshold (Ct) method. For normalization, we used the 
expression level of β-actin (ACTB). The PCR primers 
are shown in Table 1.
In order to explore the evolutionary history of Kind-
lins, sequences of the complete transcripts and the 
corresponding protein sequences of all three Kindlins 
(Kindlin-1, Kindlin-2 and Kindlin-3) from different 
species were extracted from NCBI (http://www.ncbi.
nlm.nih.gov) and ENSEMBLE (http://www.ensembl.
org)  genome  browsers  (Table  2).  After  alignment 
using CLUSTALW program,15 all positions contain-
ing gaps and missing data were eliminated, because of 
the possible ambiguity of the alignments. This strin-
gent approach reduced the risk of misinterpretations 
The evolutionary history was inferred by using the 
maximum likelyhood method (ML) as implemented 
in the TREEFINDER (TF) program package.16 The 
TF support values indicate the reliability of internal 
branches. The analyses of amino acid sequences were 
performed  using  the  WAG2000  model17  applying 
eight classes of rate heterogeneity among sites (8Γ). 
The ML analysis involved 26 amino acid sequences. 
A Neighbor Joining analysis18 on amino acid sequences 
was done by the MEGA 4 program.19 The reliability 
of the NJ tree was estimated by the bootstrap method, 
based on 1000 pseudo replicates.
A variety of methods were employed to explore 
the functional constraints shaping the evolution of 
Kindlins. Pairwise comparison of the number of syn-
onymous  nucleotide  substitutions  per  synonymous 
(dS) site and non-synonymous nucleotide substitu-
tions per non-synonymous site (dN) was carried out 
by using Nei-Gojobori method.20 In addition to pair-
wise methods, the dN/dS ratio in different branches 
of the maximum-likelihood tree was estimated using 
the codon-based genetic algorithm implemented in 
the  GA-BRANCH  program  available  at  the  Data-
monkey  server  (http://www.datamonkey.org/help/
GABranch.php). This approach assigns each branch 
to an incrementally estimated class of dN/dS ratios 
without­requiring­a­specification­of­the­branches­a 
priori and is both less parameterized and more user 
friendly than a fully local model.21
Evolutionary distance between all possible pairs 
of Kindlin paralogs was estimated by Tajima’s rela-
tive rate test.22 Each pair of paralogs was compared 
with amphioxus protein sequences taken as an out-
group. Mega 4 software was used for evolutionary 
analysis.19
Results and Discussion
Expression pattern of kindlins
Realtime  PCR  analyses  of  the  expression  pattern 
of  Kindlins  revealed  distinct  patterns  of  Kindlin 
  expression.  As  expected,  Kindlin-2  was  expressed 
almost ubiquitously in all six of the tissues tested, 
while  Kindlin-1  showed  a  one  hundred-fold  lower 
expression in each of these tissues with the excep-
tion  of  human  kidneys  where  the  expression  level 
is­low­but­significant.­Kindlin-3­showed­detectable­
expression in leukocytes only where it is expressed 
moderately (Fig. 1). These results are very much in 
agreement with existing data on the expression pat-
terns of   Kindlin proteins, which also show the ubiq-
uitous nature of Kindlin-2 expression and the tissue 
specific­expression­of­both­Kindlin-1­and­Kindlin-3.10
Phylogeny
Phylogenetic analysis was carried out on the amino 
acid sequences of Kindlin proteins, with the phylo-
genetic tree rooted by orthologous genes from inver-
tebrate species (Fig. 2). The phylogenetic tree was 
calculated based on the maximum likelihood method. 
Notably, an NJ analysis on the same data predicted the 
same topology (Fig. 3). The resulting phylogenetic 
tree is very well supported for most branches except 
for­the­deep­divergences­of­Branchisotoma­floridae­
and Strongylocentrotus purpuratus and one leading 
to  the  grouping  of  Xenopus  laevis  Kindlin-2  with 
the mammals. Otherwise the vertebrate relationships 
for each Kindlin ortholog are resolved in a manner 
concomitant with previous phylogenomic analyses,23 
indicating  a  reliable  evolutionary    reconstruction 
among the Kindlin families.
Table 1. Primers used for realtime Pcr.
sequence  
name
Forward  
primer
Reverse  
primer
Kindlin-1 cATgcTgTcATc 
cAcTgAcTTTAc
TcAATccTgAc 
cgccggTcAA
Kindlin-2 ccATggcTcTg 
gAcgggATAAgg
TcAcAcccAAc 
cAcTggTAAg
Kindlin-3 gAgAcccAccTg 
cAgcccccAg
AAAcAcccgc 
AgcTcccATgAc
β-actin cAAggccAAccg 
cgAgAAgATgAc
gccAgAggcgT 
AcAgggATAgcAcAKhan et al
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Table 2. names and iDs of peptides and transcripts of Kindlin genes.
sequence name peptide ID Transcript ID
Human (Homo sapiens)
Kindlin-1 AAn75822.1 AF443278_1
Kindlin-2 nP_006823.1 nM_006832.2
Kindlin-3 nP_848537.1 nM_178443.2
Mouse (Mus musculus)
Kindlin-1 nP_932146.2 nM_198029.2
Kindlin-2 nP_666166.2 nM_146054.2
Kindlin-3 nP_722490.1 nM_153795.1
Rat (Rattus norvegicus)
Kindlin-1 nP_001099985.1 nM_001106515.1
Kindlin-2 nP_001011915.1 nM_001011915.1
Kindlin-3 nP_001121015.1| nM_001127543.1
Frog (Xenopus leavis)
Kindlin-1 nP_001079432.1 nM_001085963.1
Kindlin-2 nP_001086955.1 nM_001093486.1
Kindlin-3 nP_001004882.1 nM_001004882.1
Fugu (Takifugu rubripes)
Kindlin-1 EnSTrUP00000018258 EnSTrUT00000018334
Kindlin-2 EnSTrUP00000036787 EnSTrUT00000036919
Kindlin-3 EnSTrUP00000035295 EnSTrUT00000035423
Zebrafish (Danio rerio)
kindlin-1 EnSDArP00000069034 EnSDArT00000074546
kindlin-2 XP_685536.2 XM_680444.3
Kindlin-3 nP_957198.1 nM_200904.1
Amphioxus (Branchiostoma floridae)
BrAFLDrAFT_285279 XP_002590896 XM_002590850.1
Acorn Worm (s. Kowalevskii)
fermitin 2-like XP_002741351.1 XM_002741305.1
sea Urchin (strongylocentrotus purpuratus)
Similar to Plekhc1-prov protein XP_784927.2 XM_779834.2
Fruitfly (Drosophila melanogaster)
Fermitin-1 nP_728936.1 nM_168060.1
Fermitin-2 nP_648947.1 nM_140690.2
ciano Intestilis
novel protein EnScinP00000002380 EnScinT00000002380
C. elegans
Uncoordinated family member (unc 112) nP_506628.1 nM_074227.5
Hydra (Hydra magnipapillata)
novel protein XP_002158978.1 XM_002158942.1
The  resulting  phylogenetic  tree  suggests  an 
  interesting  evolutionary  history  for  Kindlin    family 
proteins. The phylogeny exhibits a topology of the 
form  (A)(BC)  ie,  Kindlin-1  and  Kindlin-3  form 
a  cluster  while  Kindlin-2  forms  an  out-group.  It 
appears that in invertebrates before the divergences of 
arthropods, a single ancestral Kindlin had its ancient 
origin in hydra. This gene than underwent a lineage 
specific­duplication­event­in­insects,­giving­rise­to­
two Kindlin paralogs. Although no study exists to 
date on the roles of Kindlins in insects, it is   plausible 
to  assume  that  because  of  the  diversity  found  in 
insects,  the    duplicated  copies  were  maintained  in 
response to selection pressures impacting this highly 
diverse group. One of the two Kindlins was lost in 
other higher phyla before the origin of vertebrates 
ie,    echinoderms  (Strongylocentrotus  purpuratus) 
urochordates  (Ciona  intestinalis),    cephalochordates 
(Amphioxus)  and  hemidchordates  (Saccoglossus 
kowalevskii).   However, the remaining single Kindlin 
gene copy underwent two duplication events in ver-
tebrates that may have occurred together with two Evolutionary history of Kindlin family of proteins
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Figure 1. The expression profile of all three Kindlin paralogs was quantified by real-time RT-PCR using SYBR Green. Data are presented as the relative 
expression of Kindlins (fold change) normalized by a housekeeping gene, β-actin. 
note: The error bars indicate the standard deviation.
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Figure 2. The evolutionary history of the Kindlin protein family inferred by using the Maximum likelihood method.Khan et al
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rounds of genome duplication. Regardless of the exact 
mechanism, these events gave rise to three Kindlin 
paralogs: Kindlin-1, Kindlin-2 and Kindlin-3. More 
data is still required to determine whether these Kind-
lin­gene­duplication­events­in­the­fish­were­due­to­
whole genome duplications or individual segmental 
gene duplication.
Whatever  was  the  cause  of  this  duplication,  it 
is  evident  from  our  analyses  that  three  vertebrate 
  Kindlin paralogs originated after duplication events 
in­the­fish­genome­and­were­maintained­in­all­subse-
quent vertebrate forms, probably due to the selection 
pressures that have promoted the diverse and com-
plicated  morphological  and  physiological  proper-
ties of vertebrates.24–27 It is important to notice that 
branch  lengths  of  Kindlin-2  are  quite  short  when 
compared  to  both  Kindlin-1  and  Kindlin-3.  Very 
short branch lengths for Kindlin-2 on the phyloge-
netic tree indicate that this gene has experienced a 
slower evolutionary rate than its paralogs. This result 
is congruent with existing experimental studies on 
Kindlin  genes.9,10,13,14  For  instance,  Kindlin-2  is  a 
ubiquitously  expressed  gene  playing  its  structural 
and functional roles in broad array of tissues.10 It has 
been indicated in various studies that ubiquitously 
expressed  genes  tend  to  evolve  slowly  compared 
to­those­with­tissue­specific­expression.28 As noted 
previously, Kindlin-1 and Kindlin-3 are expressed in 
specific­tissues­(epithelial­tissues­and­the­hematopoi-
etic system, respectively) (Fig. 1), and it is therefore 
commensurate  that  the  evolutionary  rate  of  these 
paralogs is much higher than that of Kindlin- 2. In 
support of this are   Kindlin knock out studies for all 
three Kindlins which show that Kindlin-2 knockout 
mice die during early embryogenesis.29 In contrast to 
the milder phenotypes of Kindlin-1 and Kindlin-3, 
these studies support the idea that Kindlin-2 is under 
tighter functional constraint than Kindlin 1 and 3.
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Figure 3. The evolutionary history of the Kindlin protein family inferred by using the neighbor joining method.Evolutionary history of Kindlin family of proteins
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Estimation of the selective forces 
shaping the evolution of Kindlin proteins
Comparison  between  non-synonymous  and  syn-
onymous  substitutions  in  orthologous  transcript 
sequences can reveal the selective pressure that shapes 
the evolution of these genes. The ratio between non-
synonymous substitution per   non-synonymous site to 
synonymous substitution per synonymous site dn/ds 
or omega (ω) indicates whether the evolution of genes 
is due to adaptive selection or due to neutral evolu-
tion. A value of ω more than 1 suggests that the gene 
A = 0.102 : 5%
C = 0.037 : 72%
D = 0.013 : 8%
E = 0.025 : 10%
B = 0.050 : 5%
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Figure 4. Lineage-specific analysis of selective pressure in vertebrate Kindlins. A cladogram is shown with maximum-likelihood estimates of lineage-
specific dn/dS during during verterbrate Kindlin evolution. Percentages for branch classes in the legend reflect the proportion of total tree length (mea-
sured in expected substitutions per site per unit time) evolving under the corresponding value of dN/dS. 
note: While letters A, B, c, D and E represents each branch class.
is under positive selection. A value close to 1 suggests 
that a gene is under neutral selection and is experienc-
ing neutral evolution. However, a value of less than 
1­indicates­that­a­gene­is­under­the­influence­of­nega-
tive or purifying selection. The Nei-Gojobori method 
we  employed  to  estimate  the  dn/ds  ratio  clearly 
showed ω values below one, (ie, dn/ds , 1) for all the 
three Kindlin paralogs in all of the vertebrate species 
compared for this analysis (Table 3).   Interestingly, 
the ω value for Kindlin-2 was much lower (at least 
ten fold less) than ω values for either of the other two Khan et al
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Kindlins. Similarly the analysis within and between 
mammalian  and  non-mammalian  groups  clearly 
showed the same pattern observed in individual pair-
wise comparisons between different species ie, the 
absence of any positive selection whatsoever in all 
the groups. However, ω values were slightly higher in 
non-mammals than in mammals. This difference may 
result­from­the­high­substitution­rate­often­seen­in­fish­
genomes, leading to higher dn/ds ratios. Kindlin-2 in 
both mammals and non-mammals showed values of 
ds similar to Kindlin-1 and Kindlin-3, but with much 
lower values of dn, thereby producing greatly low-
ered values of ω (Table 4).
To­gain­further­insight­into­the­lineage­specific­
nature  of  the  selective  pressures  acting  on  each 
branch  of  the  phylogenetic  tree,  we  performed  a 
genetic algorithm, namely (Ga)-branch analysis. The 
GA-branch method is an alternative to the branch site 
method. This method, unlike the branch site method, 
does  not  require  the  manual  selection  of  branches 
of interest to identify evidence for positive or nega-
tive selection. Because the GA branch method does 
not  require  the  user  to  select  branches  of  interest, 
or that testing be performed one branch at a time, it 
experiences reduced statistical instability while also 
  offering  improved  interpretability  for  poorly  sup-
ported models. It achieves this by mining the data for 
good-fitting­models.­In­addition,­inferences­based­on­
multiple models (as opposed to a null-alternative pair) 
are­less­vulnerable­to­model­misspecification.­In­our­
study,­Ga-branch­analysis­selected­a­model­with­five­
classes of ω. In total, 72% of branches are assigned to 
a ω of 0.037, named as Class D, with the remaining 
28% of branches assigned to four additional Classes, 
  designated A,B,C and E, with ω values of 0.102, 0.050, 
0.037 and 0.026, respectively. None of the branches 
studied show any trend for positive selection, with the 
probability of positive selection being 0% for each 
branch of the tree. Notably, here again the very low 
value of ω (0.013) for Kindlin-2 indicates that it is 
evolving­under­the­influence­of­much­stronger­nega-
tive selection than Kindlin-1 and   Kindlin-3 (Fig. 4 
and Table 5).
In short, whether calculated by pairwise compari-
son­or­by­lineage­specific­analysis,­dn/ds­ratios­con-
sistently indicate that vertebrate Kindlins have been 
evolving­under­the­influence­of­purifying­selection,­
with Kindlin-2 under much stronger negative selec-
tion than Kindlin-1 and Kindlin-3. Functional studies 
on Kindlins also very much support this trend. For 
instance, if adaptive selection was the main force for 
Kindlin divergence rather than purifying selection, 
we would expect that the functional roles of Kind-
lins may be diverse. However, such diversity is not 
evident from data available on Kindlin function. In 
fact,  the  hallmark  function  of  Kindlins  is  integrin 
Table 3. Estimation of dn/ds values for Kindlin orthologs.
Human Mouse Rattus Xenopus Diano
Kindlin-1
Mouse 0.06/0.46
rattus 0.05/0.47 0.01/0.21
Xenopus 0.12/0.81 0.14/0.82 0.14/0.80
Diano 0.18/0.85 0.19/0.80 0.19/0.80 0.18/0.82
Fugu 0.200/0.836 0.2109/0.818 0.211/0.7879 0.2044/0.8378 0.143/ 0.72478
Kindlin-2
Mouse 0.01/0.80
rattus 0.01/0.78 0.004/0.51
Xenopus 0.03/0.70 0.03/0.72 0.03/0.80
Diano 0.05/0.90 0.05/0.73 0.04/0.75 0.05/0.83
Fugu 0.05/0.87 0.06/0.78 0.06/0.7707 0.06/0.8526 0.02/0.57
Kindlin-3
Mouse 0.03/0.43
K3-rattus 0.03/0.45 0.008/0.212
K3-Xenopus 0.25/0.76 0.26/0.80 0.26/0.76
K3-Diano 0.241/0.71 0.24/0.71 0.24/0.72 0.28/0.79
K3-Fugu 0.25/0.65 0.25/0.70 0.25/0.69 0.3038/0.7795 0.16/0.70Evolutionary history of Kindlin family of proteins
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activation  and  all  the  other  higer  order  functions   
associated with Kindlins, including cell migration, cell 
  spreading, cell adhesion, cellular signaling and cancer 
promotion are associated with the ability of Kindlins 
to activate integrin. On the other hand, these higher 
order processes impacted by Kindlins – through inte-
grin activation – are so essential for organism survival 
and viability that very strong functional constraints 
exist over Kindlin evolution. The more stringent func-
tional constraint of Kindlin-2 compared to either of its 
two counterpart paralogs is likely due to the fact that it 
is expressed ubiquitously in the body while Kindlins 1 
and­3­are­tissue­specific.
Divergence rate between paralogs
For studying the evolutionary distances between dif-
ferent Kindlin paralogs, Tajima’s relative rate test was 
employed. This test involves pairwise comparison of 
protein sequences from Kindlin paralogs of each spe-
cies while using the orthologous Kindlin sequences 
from­ amphioxus­ (Branchiostoma­ floridae)­ as­ an­
out-group (Table 6). These tests produced intriguing 
results which, in correlation with phylogenetic data, 
show that Kindlin-2 has undergone relatively limited 
divergence compared to both Kindlin-1 and Kindlin-3, 
of which Kindlin-3 is indicated to be most divergent. 
Interestingly, it seems that Kindlin-2 is the representa-
tive of the original ancient Amphioxus Kindlin which 
underwent­ two­ duplications­ in­ fish­ giving­ rise­ to­
  Kindlin-1 and Kindlin-3. There are two important rea-
sons to believe that Kindlin-2 is the representative of 
the unduplicated ancestral Kindlin gene, whose dupli-
cation in vertebrates gave rise to two other paralogs. 
Firstly the Tajima test clearly shows that   Kindlin-2 is 
closest to Amphioxus Kindlin, with very low levels of 
divergence evident compared to   Kindlin-1 and Kind-
lin-3. Secondly, Kindlin-2 is not only a ubiquitously 
expressed protein but also the only Kindlin protein 
expressed in embryonic stem cells. Although no study 
has been conducted to explore the expression pattern 
of Kindlins in Amphioxus, C. elegans studies suggest 
that this unduplicated Kindlin is expressed ubiqui-
tously in all tissues including the embryonic stem cell.5 
Therefore if the Amphioxus Kindlin is an ortholog of 
C. elegans Kindlin, it should also exhibit the same 
expression  pattern,  making  vertebrate    Kindlin-2  a 
strong candidate as the representative of the ances-
tral­unduplicated­Kindlin­­ protein.­No­species­specific­
T
a
b
l
e
 
4
.
 
A
v
e
r
a
g
e
 
K
a
 
a
n
d
 
K
s
 
v
a
l
u
e
s
 
b
e
t
w
e
e
n
 
a
n
d
 
w
i
t
h
i
n
 
m
a
m
m
a
l
i
a
n
 
-
 
n
o
n
-
m
a
m
m
a
l
i
a
n
 
l
i
n
e
a
g
e
s
 
f
o
r
 
K
i
n
d
l
i
n
 
o
r
t
h
o
l
o
g
s
.
P
 
v
a
l
u
e
 
 
f
o
r
 
p
o
s
i
t
i
v
e
P
 
v
a
l
u
e
 
 
f
o
r
 
n
e
g
a
t
i
v
e
d
s
d
n
d
n
/
d
s
T
-
v
a
l
u
e
s
e
l
e
c
t
i
o
n
s
e
l
e
c
t
i
o
n
c
o
n
c
l
u
s
i
o
n
K
i
n
d
l
i
n
-
1
W
i
t
h
i
n
 
m
a
m
m
a
l
s
0
.
3
8
4
 
(
0
.
1
3
)
0
.
0
4
1
 
(
0
.
0
2
)
0
.
1
 
(
0
.
0
2
)
−
5
8
.
9
1
8
8
0
.
9
9
9
8
5
6
0
.
0
0
0
1
4
4
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
W
i
t
h
i
n
 
 
n
o
n
-
m
a
m
m
a
l
s
0
.
7
9
 
(
0
.
0
6
)
0
.
1
8
 
(
0
.
0
3
)
0
.
2
2
3
 
(
0
.
0
2
)
−
6
4
.
6
2
2
6
0
.
9
9
9
8
8
0
.
0
0
0
1
2
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
B
e
t
w
e
e
n
 
m
a
m
m
a
l
s
 
 
a
n
d
 
n
o
n
-
m
a
m
m
a
l
s
0
.
8
1
2
 
(
0
.
0
2
)
0
.
1
7
6
 
(
0
.
0
1
)
0
.
2
1
7
 
(
0
.
0
4
)
−
5
5
.
3
9
7
1
0
.
0
0
0
0
1
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
K
i
n
d
l
i
n
-
2
W
i
t
h
i
n
 
m
a
m
m
a
l
s
0
.
4
0
5
 
(
0
.
1
5
)
0
.
0
0
7
 
(
0
.
0
0
1
)
0
.
0
2
 
(
0
.
0
0
3
)
−
5
5
3
.
1
5
0
.
9
9
9
9
9
8
0
.
0
0
0
0
0
2
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
W
i
t
h
i
n
 
 
n
o
n
-
m
a
m
m
a
l
s
0
.
7
5
 
(
0
.
1
5
)
0
.
0
4
6
 
(
0
.
0
2
)
0
.
0
5
6
 
(
0
.
0
2
)
−
7
0
.
7
5
0
.
9
9
9
9
0
.
0
0
0
1
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
B
e
t
w
e
e
n
 
m
a
m
m
a
l
s
 
 
a
n
d
 
n
o
n
-
m
a
m
m
a
l
s
0
.
7
8
 
(
0
.
0
6
)
0
.
0
4
 
(
0
.
0
1
)
0
.
0
6
 
(
0
.
0
1
6
)
−
1
6
9
.
4
4
9
4
1
0
.
0
0
0
0
0
1
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
K
i
n
d
l
i
n
-
3
W
i
t
h
i
n
 
m
a
m
m
a
l
s
0
.
3
6
 
(
0
.
1
)
0
.
0
2
3
 
(
0
.
1
)
0
.
0
6
 
(
0
.
0
1
)
−
9
4
0
.
9
9
9
9
4
3
0
.
0
0
0
0
5
7
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
W
i
t
h
i
n
 
n
o
n
-
m
a
m
m
a
l
s
0
.
7
6
 
(
0
.
0
5
)
0
.
2
5
 
(
0
.
0
8
)
0
.
3
2
6
 
(
0
.
0
8
)
−
1
3
.
7
1
0
.
9
9
7
3
6
0
.
0
0
2
6
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
n
o
t
e
:
 
P
-
v
a
l
u
e
s
 
f
o
r
 
b
o
t
h
 
p
o
s
i
t
i
v
e
 
a
n
d
 
n
e
g
a
t
i
v
e
 
s
e
l
e
c
t
i
o
n
 
a
r
e
 
i
n
c
l
u
d
e
d
 
h
e
r
e
.
 
S
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
s
 
a
r
e
 
e
n
c
l
o
s
e
d
 
i
n
 
b
r
a
c
k
e
t
s
.Khan et al
16  Evolutionary Bioinformatics 2011:7
Table 5. Lineage specific dn/ds values Kindlins.
Branch name Mean dn/ds std. Dev. 2.5% Median 97.5% prob {dn . ds}†
K1_hUMAn 0.102 0.002 0.093 0.103 0.103 0.000
K1_MOUSE 0.102 0.003 0.093 0.103 0.103 0.000
K1_rATTUS 0.042 0.007 0.037 0.040 0.054 0.000
node5 0.102 0.002 0.093 0.103 0.103 0.000
node3 0.038 0.002 0.037 0.037 0.045 0.000
K1_XEnOPUS 0.038 0.001 0.037 0.037 0.042 0.000
node2 0.037 0.001 0.037 0.037 0.040 0.000
K1_DiAnO 0.038 0.001 0.037 0.037 0.041 0.000
K1_FUgU 0.038 0.001 0.037 0.037 0.040 0.000
node9 0.037 0.001 0.037 0.037 0.039 0.000
node1 0.038 0.001 0.037 0.037 0.040 0.000
K2_hUMAn 0.013 0.002 0.011 0.013 0.017 0.000
K2_MOUSE 0.028 0.006 0.014 0.026 0.042 0.000
K2_rATTUS 0.014 0.002 0.011 0.013 0.020 0.000
node16 0.014 0.002 0.011 0.013 0.021 0.000
node14 0.026 0.003 0.017 0.026 0.031 0.000
K2_XEnOPUS 0.026 0.003 0.023 0.026 0.037 0.000
node13 0.026 0.003 0.018 0.026 0.031 0.000
K2_DiAnO 0.013 0.002 0.011 0.013 0.017 0.000
K2_FUgU 0.014 0.002 0.013 0.013 0.024 0.000
node20 0.027 0.003 0.024 0.026 0.038 0.000
node12 0.037 0.001 0.037 0.037 0.039 0.000
K3_hUMAn 0.043 0.007 0.037 0.040 0.055 0.000
K3_MOUSE 0.036 0.006 0.026 0.037 0.045 0.000
K3_rATTUS 0.037 0.004 0.027 0.037 0.044 0.000
node27 0.043 0.008 0.037 0.040 0.056 0.000
node25 0.037 0.001 0.031 0.037 0.038 0.000
K3_XEnOPUS 0.037 0.000 0.037 0.037 0.038 0.000
node24 0.037 0.003 0.027 0.037 0.040 0.000
K3_DiAnO 0.038 0.001 0.037 0.037 0.041 0.000
K3_FUgU 0.038 0.001 0.037 0.037 0.040 0.000
node31 0.038 0.001 0.037 0.037 0.040 0.000
node23 0.037 0.001 0.037 0.037 0.039 0.000
note: †not a P-value! it only represents probability in percentage of any positive selection ie, dn/ds . 1 in a given branch.
asymmetry was found in the   divergence   pattern of 
any of the three Kindlin paralogs which is in agree-
ment with the generally accepted principle that paral-
ogs evolve at similar rates in different species.30
Relatively  high divergence of  Kindlin-1 and  Kindlin-3 
relative to Kindlin-2 can be explained by analyzing the 
expression pattern of the proteins.10 During evolution, 
from Amphioxus to higher vertebrates, the expression 
pattern of the two paralogs have diverged. Our analysis 
of Kindlin expression patterns in human tissue samples 
clearly shows that unlike Kindlin-2, which is expressed 
ubiquitously,  both  Kindlin-1  and  Kindlin-3  present 
tissue­specific­expression­patterns­(Fig. 1). Similarly, 
Ussar et al have shown in their study that both Kindlin-1 
and Kindlin-3 are expressed predominantly in epithe-
lial tissues and the hematopoietic system respectively.10 
The distinct expression   patterns of all three Kindlins 
in  vertebrates  thus  supports  the  subfunctionalization 
model of gene duplication.31 It seems likely that that 
the  function  of  the  ancestral  unduplicated  Kindlin 
was subfunctionalized in vertebrates in part due to the 
divergence of Kindlin expression location. Thus, while 
Kindlin-1  and  Kindlin-3  are  expressed  exclusively 
in  epithelial  and  hematopoietic  tissues,  respectively, 
Kindlin-2 – being the representative of ancestral Kindlin 
gene – is expressed in a variety of tissues, in a pattern 
less ubiquitous than the original unduplicated Kindlin 
gene. Ultimately, it seems that this subfunctionalization 
of  Kindlin  expression  patterns  may  have  provided 
a  degree  of  selective  advantage  associated  with  the 
diversification­of­higher­order­functions­performed­by­
integrins in various tissues.Evolutionary history of Kindlin family of proteins
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conclusion
Kindlins­ represent­ a­ recently­ identified­ family­ of­
integrin  interacting  proteins.  They  play  an  impor-
tant role in cell migration, cell spreading and cancer 
progression through a core molecular mechanism of 
integrin activation. In this study we have shown that 
the ancestral Kindlin gene was an unduplicated single 
gene found in organisms as primitive as hydra. This 
gene­then­underwent­a­lineage­specific­duplication­
in insects, giving rise to two Kindlin paralogs, while 
the  three  paralogs  of  Kindlin  found  in Vertebrates 
are the result of duplication events that occurred in 
fish.­Of­the­three­Kindlins,­Kindlin-2­has­undergone­
the  least  evolutionary  divergence,  probably  due  to 
stringent  functional  constraints  it  associated  with 
its  virtually  ubiquitous  expression  pattern  in  body 
tissues and especially in embryonic stem cells. On 
the other hand both Kindlin-1 and Kindlin-3 showed 
significantly­greater­divergence­as­a­result­of­signifi-
cantly weaker functional constraints, possibly result-
ing­from­their­subfunctionalization­into­very­specific­
portions of the body. The comparison of synonymous 
to non-synonymous substitutions both by a pairwise 
method­as­well­as­a­lineage­specific­method­also­indi-
cate that all three Kindlins have been evolving under 
strong negative selection.
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